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a b s t r a c t 
In the suspension high velocity oxy fuel (SHVOF) thermal spray, a suspension is injected into the com- 
bustion chamber where the jet undergoes primary and secondary breakup. Current knowledge of the 
primary breakup within the combustion chamber is very limited as experimental investigations are im- 
peded due to direct observational inaccessibility. Numerical methods are also limited due to the compu- 
tational costs associated with resolving the entire range of multiphase structures within SHVOF thermal 
spray. This paper employs a coupled volume of fluid and discrete phase model, combined with a com- 
bustion model, to simulate primary breakup at a fraction of the cost of a fully resolved simulation. A 
high-fidelity model is employed within this study to model the combustion chamber; the model shows a 
backflow region that will contribute to clogging within the nozzle. This study modifies the injector type 
for SHVOF thermal spray by introducing a co-flow around the liquid injection to reduce clogging within 
the combustion chamber. This study shows that introducing a co-flow of gas at a velocity of 200 m/s 
around the liquid injection reduces the backflow region by 40% within the combustion chamber. The ad- 
dition of a gas co-flow results in a smaller region of backflow. Small suspension droplets with insufficient 
momentum are unable to overcome the backflow and will likely deposit themselves onto the wall of the 
combustion chamber. The deposition of the particles on the walls causes clogging of nozzles often seen 
in SHVOF thermal spray. The addition of a gas co-flow results in an increase in the velocity of droplets 
formed during primary breakup. The greater droplet velocity allows for small droplets to overcome the 
small backflow region near the liquid injection. The Sauter mean diameters predicted from the numeri- 
cal model are compared to experimental measurements available within the literature and shows good 
agreement. 
© 2020 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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The breakup of liquid jets has been extensively studied both ex-
erimentally and computationally due to the wide range of appli-
ations that utilise atomization of liquid jets. The breakup of liq-
id jets plays a fundamental role within diesel engines, suspen-
ion thermal spray, gas turbines and rocket engines to name a few
 Xiao et al., 2014 ; Tian et al., 2015 ; Ghiji et al., 2017 ). Breakup in-
estigations within a suspension high velocity oxy fuel (SHVOF)
hermal spray combustion chamber through experimental methods
re very limited due to the direct observational inaccessibility of
he combustion chamber. Additionally, there are several challenges
hen trying to measure dense regions of flow. The liquid is sur-∗ Corresponding author. 
E-mail address: Tanvir.Hussain@nottingham.ac.uk (T. Hussain). 
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301-9322/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article uounded by gases undergoing combustion; visualizing into the cen-
re of the chamber where the suspension is injected is impeded by
adiation emitted from combustion. Owing to the size of the com-
ustion chamber (22 mm length) instrumentation must be placed
utside of the chamber. Additionally, the liquid jet rapidly disin-
egrates into droplets of a few microns; experimental techniques
ust have sufficient temporal and spatial resolution to capture the
reakup process ( Xiao et al., 2016 ). Hence, computational investi-
ations provide an invaluable tool to investigate primary breakup. 
SHVOF thermal spraying is used to deposit nanostructured coat-
ngs from powdered feedstocks too small to be processed by me-
hanical feeders. SHVOF thermal spray allows for the formation
f nanostructured coatings with improved density and mechani-
al properties ( Murray et al., 2016 ). Current approaches in mod-
lling the injection of suspension within the combustion cham-
er fail to account for the primary breakup of the suspensionnder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Geometry of SHVOF thermal spray nozzle. 
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e  ( Esther Dongmo et al., 2009 ; Jadidi et al., 2016 ). Traditionally, the
blob method is employed to model the injection of suspension
into the combustion chamber ( Chadha et al., 2019b ; Chadha et al.,
2019a ). For the blob method the jet is simplified to an injection
of discrete droplets that can undergo secondary breakup. The sus-
pension is typically injected as a set of discrete droplets using the
discrete phase model (DPM) that can undergo secondary breakup,
evaporation, heating and acceleration. The DPM framework pro-
vides a robust treatment for droplet tracking away from the dense
regions of the flow; however, in dense regions of the flow such as
near the liquid column; this approach is flawed. 
Traditional means of modelling primary breakup in CFD using
methods such as interface reconstruction methods are unfeasible
to resolve the full scale of droplet structures within SHVOF ther-
mal spray. The most popular interface reconstruction method, the
volume of fluid (VOF) model, requires a mesh fine enough to re-
solve the smallest droplet structures. Droplets formed from the pri-
mary breakup of jets occupy a wide range of scales and are of or-
ders of magnitude smaller than the injector diameter ( Tomar et al.,
2010 ). Hence, it would be computationally expensive to resolve
the breakup phenomenon from large scale structures down to the
smallest scale droplets. Within recent years there has been a grow-
ing body of literature looking to couple the VOF and DPM mod-
els together. Here, the primary breakup is modelled using the VOF
model and the droplets formed from primary breakup are then
transferred to a DPM framework. The small-scale structures that
require the most computational resources within the VOF frame-
work can then be modelled at a lower computational cost using
the DPM framework. This allows for large scale structures such as
the liquid core, ligaments and large droplets to be resolved whilst
allowing the small-scale droplet structures to be modelled without
significantly impacting the computational cost of the model. 
Early attempts to couple the VOF model with the DPM model
had to address the criteria of conversion of droplets from a VOF
framework to a DPM framework. Grosshans et al. (2011) utilised
a “coupling layer” where VOF droplets are converted into DPM
droplets as they pass through a plane known as the coupling
layer. One of the challenges in employing a coupled VOF and DPM
model for breakup investigations is the different mesh require-
ments within the VOF and DPM frameworks. With the implemen-
tation of a coupling layer suitable meshes can be employed within
the respective zones. For the VOF framework droplets must be of
an order larger than the mesh size. Whilst for the DPM frame-
work the mesh should be of an order larger than the droplets.
The coupling layer approach however is significantly more expen-
sive than later alternative approaches that have been employed
to couple the two frameworks. Adeniyi et al. (2017) developed
a coupled DPM to VOF framework for bearing chamber applica-
tions using the commercial CFD code Ansys Fluent. Within this
implementation, droplets were modelled using the DPM frame-
work and the film formation on the bearing chamber walls was
modelled using the VOF framework. The criteria for conversion be-
tween DPM and VOF was the proximity of DPM droplets to the
interface. Tomar et al. (2010) employed a two-way coupled VOF
and DPM framework to model jet breakup. The conversion of VOF
droplets to DPM droplets was determined by the diameter of the
VOF droplets. If the droplets were smaller than the specified diam-
eter then the droplets would convert to DPM. This approach can
offer greater savings in computational cost over the coupling layer
method as the droplets can be switched from a VOF framework to
a DPM framework as soon as the droplets are formed. The con-
version of droplets from DPM to VOF was based on the proximity
of the droplets to an interface. If the droplets are close enough
to an interface the DPM droplets will be deleted and a spheri-
cal secondary phase structure is patched in its location. Kim et al.
(2014) and Kim et al. (2007) employed a coupled VOF and DPM ap-roach to model the atomization of fuel within a gas turbine injec-
or. Within this study droplets were converted from a VOF frame-
ork to a DPM framework if two criteria were met. The first cri-
erion was based on the droplet volume and if the droplets were
maller than a specified volume, they were converted from VOF to
PM. The second criterion was based upon the droplet sphericity
nd if the droplets were sufficiently spherical the droplets were
onverted from VOF to DPM. Shinjo and Umemura (2019) and
memura (2016) extended the application of the coupled VOF and
PM model to include the effects of combustion for a diesel jet.
hey investigated four cases: diesel jet in cold flow, diesel jet in
ot flow, with the inclusion of a single step reaction and finally the
nclusion of a multistep reaction. The multistep reaction demon-
trated good agreement in predicting the ignition delay with exist-
ng literature. 
The aim of this paper is to apply the coupled VOF and DPM
odel to investigate the primary breakup of water within a com-
ustion chamber for SHVOF thermal spray application. The injector
esign within this study is varied from the standard SHVOF config-
rations by including a co-flow around the liquid injection. There
re several non-dimensional parameters that describe the flow in
oaxial jets these include the gas Reynolds number, Re g , the liq-
id Reynolds number, Re l , the momentum flux ratio, MR, and the
henesorge number, Oh. This paper investigates the impact of the
eber number ( Eq. (1) ) by varying the co-flow velocity on the
rimary breakup within SHVOF thermal spray. The Weber num-
er controls the tendency for breakup ( Xiao et al., 2014 ; Pai et al.,
009 ) and characterises the relative importance of the fluid inertia
o its surface tension ( Xiao et al., 2016 ). The terms in Eq. (1) refer
o liquid density, ρ l , gas velocity, U g , liquid velocity, U l , diameter
f injector, d , and the surface tension, σ . The addition of a co-flow
rovides a significant design change for thermal spray. 
 e = ρl | U g −U l | 
2 d 
σ
(1)
This paper has employed a multiscale modelling approach for a
eal-world engineering application. Prior numerical models within
his field of application ignore the primary breakup which is a key
hysical process in the combustion chamber. The detailed insight
nto the flow physics within the combustion chamber for the cur-
ent application is new and has been previously unknown. This
imulation approach utilised here has never before been used for a
ractical combustion application such as SHVOF. The approach can
e employed on modest HPC facilities for design and optimization
tudies within a combustion chamber and also for a wide array
f multiphase combustion applications. An injection of water into
he combustion chamber is considered to provide useful and highly
etailed information on the physical processes for the current ap-
lication. This paper uses the Coupled VOF and DPM model in the
ommercial CFD software Ansys Fluent V19.3 (Pennsylvania, USA). 
umerical modelling 
A SHVOF thermal spray nozzle is comprised of a combustion
hamber and a barrel as shown in Fig. 1 . Typically when mod-
lling SHVOF thermal spray, the entire nozzle and the free jet is
S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 3 
Table 1 
Table of boundary values for the flow species and temperature conditions. 
Region Flow Boundary Condition Species Boundary Condition Temperature 
Fuel and oxidizer inlet 5.9 g/s (87.7%) Mole Fraction – 0.667 H 2 , 0.333 O 2 (g) 300 K 
Nitrogen Co-flow inlet 200 – 300 m/s Mole Fraction – 1.0 N 2 (g) 300 K 
Water inlet 0.833 g/s (12.3%) Mole Fraction – 1.0 H 2 O (l) 300 K 
Walls No slip Zero Gradient 500 K 
Outlet 60,000 Pa Zero Gradient Zero Gradient 
Fig. 2. Fully structured mesh for the SHVOF thermal spray combustion chamber. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
m  
e  
t  
t  
t  
t  
m  
l  
s  
A  
r  
t  
e  
f  
i  
i  
d  
r  
m  
b
 
t  
c  
c  
c  
d  
o  
s  
f  
t  
p  
c  
a  
2  
s
 
t  
v
 
 
p  
s  
p  
v  
m
r  
d  
c  
b
ϕ
μ
L
S
g
 
b
 
o  
r  
p  
E  
a  
s  
b
ρodelled. However, the combustion chamber alone has been mod-
lled for this investigation, as the primary breakup is confined to
he combustion chamber. This allows for a significant reduction in
he overall mesh count. Fig. 2 shows the fully structured mesh and
he inlet geometry employed to model the combustion chamber;
he mesh is comprised of 4.5 million cells before mesh refine-
ent. The initial mesh was created following LES near-wall reso-
ution recommendations of x + < 100, y + < 1 and z + < 30. The
tructured mesh was generated using a multiblock method within
nsys ICEM. To reduce the computational cost, an adaptive mesh
efinement is employed here to increase the mesh density around
he interface between the two phases. The refined mesh is coars-
ned back to the base mesh once the droplet has been converted
rom VOF to DPM. The base mesh is of the order of 100 μm which
s twice as large as the largest DPM droplets and the refined mesh
s off the order of 3 μm which is smaller than the smallest VOF
roplets. This allows for a finer mesh to be employed for VOF
esolved droplets and a coarser mesh to be employed with DPM
odelled droplets. Five levels of dynamic mesh refinement have
een employed with the gradient of the volume fraction. 
Premixed oxygen and hydrogen enter the combustion chamber
hrough the 24 circular holes at the back end of the combustion
hamber, the hydrogen undergoes combustion. The combustion oc-
urs only in the gas phase. Water is injected into the centre of the
ombustion chamber. The impact of solid particles, particle size
istribution, shape of particles and the mass loading of particles
n liquid suspension surface tension properties is not well under-
tood. Further extensive experimental measurements are needed
or detailed characterisation before extending the breakup model
o a suspension jet. The governing equations of the methods are
rovided in the following section. The boundary conditions for the
ase are provided in Table 1 . The operating conditions employed
re standard conditions for SHVOF thermal spray ( Chadha et al.,
019b ). The mass continuity equation is given by Eq. (2) . For a den-
ity, ρ , time, t and velocity vector  u = ( u, v , w ) T , it reads: 
∂ρ + ∇ .ρ u = 0 (2) 
∂t The momentum conservation equation is given by Eq. (3) where
he terms within Eq. (3) refer to the static pressure, p , a dynamic
iscosity, μ, the unit tensor, I and a gravitational body force, ρg . 
∂ρ
∂t 
+ ∇ . ( ρ u u) = −∇ p + ∇ .μ
[ (∇  u + ∇  uT )− 2 
3 
∇ .  uI 
] 
+ ρg (3)
A wall resolved large eddy simulation (LES) approach is em-
loyed. The small-scale structures are distinguished from the large-
cale structures using a filter. The filter is given by Eq. (4) and ap-
lied to the Navier-Stokes equations. The wall-adapting local eddy
iscosity (WALE) SGS model is used and defined by Eq. (5) . The
ixing length for subgrid scales, L s , is given by Eq. (6) where κ
epresents the von Karman constant, d represents the nearest wall
istance, C w represents the WALE constant, and V represents the
ell volume. The rate of strain for the resolved scales, S d 
i j 
, is given
y Eq. (7) . 
¯ ( x ) = 1 
V 
0 ∫ 
V 
ϕ 
(
x ′ 
)
dx ′ (4) 
t = ρL 2 s 
(
S d 
i j 
S d 
i j 
) 3 
2 (
S i j S i j 
) 5 
2 + 
(
S d 
i j 
S d 
i j 
) 5 
4 
(5) 
 
2 
s = min 
(
κd, C w V 
1 
3 
)
(6) 
 
d 
i j = 
1 
2 
(
g¯ 2 i j + g¯ 2 ji 
)
− 1 
3 
δi j ¯g 
2 
kk (7) 
¯
 
2 
i j = 
∂ ¯u i 
∂ x k 
∂ ¯u k 
∂ x j 
(8) 
The VOF method constructs the interface between two phases
y solving the volume of fluid, φ, of each phase given by Eq. (9) . 
∂ρφ
∂t 
+ ∇ . (  uρφ) = 0 (9) 
The ideal gas law is given by Eq. (10) where p op , refers to the
perating pressure, R , refers to the universal gas constant, M w ,
efers to the molecular weight of the gas, and T refers to the tem-
erature ( Jafari et al., 2017 ). The energy, E , equation is given by
q. (11) , where the effective conductivity of the gas is given by k eff,
nd J i represents the diffusion flux for species i, h i represents the
ensible enthalpy for species i, and the heat source term is given
y S h . 
= p op + p 
R 
M w 
T 
(10) 
∂ρE 
∂t 
+ ∇ . (  u( ρE + p ) ) = ∇ . 
( 
k e f f ∇ T −
∑ 
j 
h i 
−→ 
j i + τe f f .  u
) 
+ S h 
(11) 
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Fig. 3. Instantaneous contours of velocity magnitude with (black) VOF isosurfaces (We = 100) (A1) 0.5 ms (A2) 0.6 ms, (A3) 0.7 ms, (We = 180) (B1) 0.5 ms, (B2) 0.6 ms, (B3) 
0.7 ms, (We = 415) (C1) 0.5 ms, (C2) 0.6 ms and (C3) 0.7 ms. 
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o  The species equation is given by Eq. (12) , where Y i , refers to the
mass fraction of species i , and R i represents the rate of production
of species i . 
∂ρY i 
∂t 
+ ∇ . (  uY i ) = −∇ . −→ j i + R i (12)
For turbulent premixed combustion the rate of reaction is lim-
ited by the turbulent mixing of cold premixed fuel and oxidizerith the hot gaseous products ( E. Dongmo et al., 2009 ). The eddy
issipation model (EDM) has been employed due to its low com-
utational cost. The current numerical modelling approach is in-
ended to be suitable for practical design and optimization stud-
es the computational cost needs to be carefully considered. The
DM was developed to account for the effects of turbulent mixing
n the reaction rate. The reaction rate within the eddy dissipation
S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 5 
Fig. 4. Time averaged velocity at Weber numbers (a) 100, (b) 180 and (c) 415. 
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Rodel is given by the smaller of the two terms in Eq. (13a) and
13b) . Here the stoichiometric coefficient for reactant, i, in reac-
ion, r , is given by, ν ′ 
i,r 
, the molecular weight of species, i , is given
y M W,i , and A and B refer to empirical constants of 4.0 and 0.5 re-
pectively. The quantities k and ε refer to the turbulent kinetic en-
rgy per unit mass and the dissipation rate respectively. The quan-
ities Y R and Y p refer to the mass fraction of a reactant, R , and the
ass fraction of product species, P . The combustion reaction ac-
ounting for the dissociated species is determined from the chem-cal equilibrium package NASA CEA ( Chadha et al., 2019a ) and is
iven by Eq. (14) . 
 i,r = ν ′ i,r M w,i Aρ
ε 
k 
mi n R 
(
Y R 
ν ′ 
R,r 
M w,R 
)
(13a) 
 i,r = ν ′ i,r M w,i ABρ
ε 
k 
mi n R 
( ∑ 
P Y P ∑ N 
j ν
′′ 
j,r 
M w, j 
) 
(13b) 
6 S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 
Fig. 5. Time averaged axial centre line velocity profiles at the Weber numbers con- 
sidered. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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c  H 2 + 0 . 5 O 2 → 0 . 7184 H 2 O + 0 . 1738 H 2 + 0 . 0554 O 2 
+ 0 . 07944 H + 0 . 0345 O + 0 . 1359 OH (14)
VOF resolved droplet are converted to DPM modelled droplets
based upon their size and sphericity. Values for the radius standard
deviation and the radius surface orthogonality of 0.5 and 0.5 were
used respectively. The volume equivalent sphere diameter is a user
specified range. The lower value was set to zero to ensure that the
smallest scales converted to DPM. Care was taken to ensure the
upper limit was larger than the largest expected droplet diameter.
The DPM model tracks droplets as they are formed from the pri-
mary breakup process. The motion of the droplets is given by New-
ton’s second law, Eq. (15) . Here, the mass of the discrete phase is
given by, m p , the gas velocity is given by, u g , and the particle ve-
locity is given by, u p . The drag coefficient, c D , is determined by the
correlation of Crowe ( Crowe, 1967 ) given by Eq. (16) . The correla-
tion of Crowe has shown to provide good agreement of particle ve-
locities for suspension high velocity oxy fuel thermal spray within
the free jet ( Jadidi et al., 2016 ; Chadha et al., 2020 ). The particle
temperature, T P , can be determined from Eq. (17) , where the par-
ticle surface area is given by, A P and the gas temperature is given
by, T g . The heat transfer coefficient, h , is computed using the Nus-
selt number, Nu , correlation of Ranz and Marshall ( Ansys Inc, 2019 )
given by Eq. (18) . The diameter of the particle is given by, d p , the
thermal conductivity of the gas is given by, K 0 , the dimensionless
Prandtl number is given by, Pr and the particle Reynolds number
is given by Re d . 
m p 
d u p 
dt 
= 1 
2 
c D ρg A p ( u g − u p ) | u g − u p | (15)
c D = 2 + ( c D 0 − 2 ) e −3 . 07 
√ 
γ
1+ R e d ( 12 . 278+0 . 548 Re ) 
1+11 . 278 R e d 
Ma 
R e d + 5 . 6 / ( 1 + Ma ) √ 
γMa 
e −
R e d 
2 Ma 
(16)
( m. c p ) p 
d T p 
dt 
= h A p ( T g − T p ) (17)
Nu = h d p 
K o 
= 2 . 0 + 0 . 6 Re 1 / 2 
d 
P r 1 / 3 (18)
Similar DPM modelling approaches to that employed within
this study have been validated by our recent study ( Chadha et al.,020 ) and a similar study by ( Jadidi et al., 2016 ). The VOF
odel has been extensively used simulate breakup and atomiza-
ion of liquid jets, for example Sekar et al. (2014) , Delteil et al.
2011) and Srinivasan et al. (2011) . This paper brings both mod-
lling approaches together and employs the model to investigate
he breakup within SHVOF thermal spray. To convert structures
rom a VOF framework to a DPM framework, a lump detection al-
orithm is employed within Ansys Fluent. The detection algorithm
cans the fluid domain searching for enclosed droplet structures.
he lumps are then assessed on their asphericity based upon the
tandard deviation of the droplet radius and the radius-surface or-
hogonality. If the droplets meet the criteria for conversion, they
re switched from a VOF framework to a DPM framework. The cells
ontaining the droplet are patched with the primary phase to en-
ure a continuity of the volume fraction. The mass of the droplet
ith its equivalent diameter is then injected into the cell using the
PM framework. 
esults and discussion 
ffect of co-flow on the gas velocity and temperature within the 
ombustion chamber 
Fig. 3 shows instantaneous velocity magnitude contours for the
eber numbers of 100, 180 and 415 in Figures A, B and C respec-
ively. The injection at the higher Weber numbers is a result of
 higher co-flow gas velocity surrounding the liquid nozzle injec-
or. Fig. 4 (a), (b) and (c) shows the time averaged velocity vector
eld for the Weber numbers of 100, 180 and 415 respectively. The
olution has been time averaged over 0.0 0 07 s (approximately 50
hroughflows). Fig. 5 plots the time averaged axial centre line ve-
ocities at the Weber numbers of 100, 180 and 415. Traditionally
n SHVOF thermal spray modelling the inlets within the combus-
ion chamber are simplified to an annular inlet to simplify the ge-
metry, this allow for a reduction in the cell count ( Chadha et al.,
019b ; Jadidi et al., 2018 ). Within this study the exact inlet geom-
try comprising of two sets of twelve circular holes spaced at two
ifferent radial distances from the centre of the combustion cham-
er have been meshed. Additionally, it can be seen in Figs. 3 and
 that recirculation zones form near the walls of the combustion
hamber. The recirculation zones aid in the mixing of the hot prod-
cts of combustion with the cold inlet gases, which is essential
or a premixed combustion reaction to progress effectively. Within
remixed combustion the reaction takes place within the zone that
eparates the reactants and products. 
Clogging is a serious issue for suspensions with a high par-
icle loading within SHVOF thermal spray. Clogging wastes feed-
tock material, cost’s time to restore and maintain the SHVOF ther-
al spray nozzles. Clogging occurs when the feedstock material
mpacts the wall with a velocity greater than a critical velocity
 Bémer et al., 2013 ). Particles that impact the wall with a veloc-
ty greater than the critical velocity will bond onto the walls of
he nozzle. Particles within small droplets are particularly suscep-
ible to causing clogging as these droplets have a low mass inertia.
mall droplets are unable to overcome the backflow region near
he liquid column shown in Fig. 6 due to insufficient momentum.
uch droplets can deposit themselves onto the walls of the com-
ustion chamber due to backflow illustrated within the velocity
ector field in Fig. 5 . Optimizing the suspension injection will al-
ow for a significant reduction in the number of particles that im-
act with the walls of the combustion chamber. This study has em-
loyed a co-flow around the liquid injection to force the flow field
round the liquid column in the direction of nozzle exit, as shown
n Fig. 2 . With the addition of a co-flow the region of backflow be-
omes smaller hence droplets are less likely to deposit upon the
S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 7 
Fig. 6. Instantaneous temperature fields (We = 100) (A1) 0.0005 s (A2) 0.0006 s, (A3) 0.0007 s, (We = 180) (B1) 0.0005 s, (B2) 0.0006 s, (B3) 0.0007 s, (We = 415) (C1) 0.0005 s, 
(C2) 0.0 0 06 s and (C3) 0.0 0 07 s. 
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effect of surface tension forces. Further discussion on the bene- all of the combustion chamber and thus reduces the risk of the
ozzle clogging. 
The coupled VOF and DPM framework employed within this
tudy is able to capture the recirculation zones that form around
he liquid column due to the viscous flow dynamics as seen in
ig. 4 . Recirculation zones form due to the velocity gradient be-
ween the low velocity liquid injection and the high velocity fuelnjection. Prior SHVOF thermal spray modelling has been unable to
apture the recirculation zones with the standalone DPM model.
his is because the pure DPM model only accounts for momen-
um transfer between the discrete phase and the continuous phase
hrough a momentum source term. The VOF model includes a
ource term within the momentum equation to account for the
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Fig. 7. Mesh density around VOF isosurface coloured by the flow velocity for a co-flow velocity of 300 m/s. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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(  fits of this approach in comparison to the DPM model employed
currently to better capture the breakup physics is later presented.
Fig. 6 shows instantaneous static temperature contours for the We-
ber numbers of 100, 180 and 415 in Figures A, B and C respec-
tively. It can be seen from Fig. 6 that within the liquid injection
region there is a very low temperature of ∼ 300 K. With a stan-
dalone DPM model, currently employed within the literature for
this application ( Chadha et al., 2020 ; Gerhardter et al., 2019 ), a
temperature of 2500 K is predicted within this region. The DPM
model only accounts for the effect of the secondary phase on the
temperature field through a source term for droplet heat transfer.
The VOF model on the other hand directly accounts for the effect
of the secondary phase through the Navier Stokes equations. The
DPM has been shown to give an over-prediction of gas temperature
and the velocity within the liquid injection region ( Chadha et al.,
2019a ) as the dilute approximation is not valid within the regions
near the injector which will result in evaporation initiating earlier
and locally higher droplet velocities. Hence employing the VOF in
these regions is able to capture more of the flow physics and better
predict the temperature near the liquid injection. esh requirements for coupled VOF and DPM breakup modelling 
The VOF model and the DPM model have very different mesh
equirements. The VOF model requires the mesh to be much
maller than the droplet diameter, enough cells are required to re-
olve the curvature of the droplet. On the other hand, the DPM
odel requires the mesh to be large than the droplet diameter.
ecent investigations have looked into modifications to the DPM
odel to make it suitable for fine meshes. To account for the effect
f the discrete phase onto the continuous phase source terms are
ccounted for within the Navier-Stokes equations. The DPM source
erm is applied to the cell which contains the DPM point entity.
owever, once the DPM droplet exceeds the cell size the droplet
ill affect the more than just the cell that contains the droplet.
ue to the point representation of the droplet the source term
n the original DPM model does not account for the effect of the
roplet on neighbouring cells. 
There are several approaches that have been developed within
he literature to resolve this flaw within the DPM model
 Zhang et al., 2020 ). The cube averaging method (CAM) developed
S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 9 
Fig. 8. Instantaneous isosurfaces of the liquid jet injection into the combustion chamber (We = 100) at (a) 0.00065 s and (b) 0.0007 s, (We = 180) at (c) 0.00065 s and (d) 
0.0 0 07 s, (We = 415) at (e) 0.0 0 065 s and (f) 0.0 0 07 s. 
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Fig. 9. Droplet diameter distributions from primary breakup at Weber numbers (a) 100, (b) 180 and (c) 415. 
Fig. 10. Comparison of Sauter mean diameter (SMD) of droplets from primary 
breakup to existing experimental breakup literature. 
 
 
 
 
 
 
Fig. 11. Droplet diameter vs. average droplet velocity. 
p  
f  
c  
t  
m  
d  by ( Link et al., 2005 ) creates a cubic region a factor larger than the
droplet diameter. The droplets are treated as porous cubes within
the cubic region where the source terms are calculated and dis-
tributed over the cubic region. The source terms are then con-
verted back from the cubic region and mapped to the original grid.
The two-grid method (TGM) developed by ( Farzaneh et al., 2011 )roposed to use a coarse grid for the discrete phase and a fine grid
or the continuous phase. The source terms are mapped from the
oarse grid to the fine grid and the source terms are weighted by
he volume of the fine grid to the coarse grid. The diffusion based
ethod (DBM) developed by ( Capecelatro and Desjardins, 2013 )
istributes source terms from the discrete phase to the continu-
S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 11 
Fig. 12. Liquid column and droplets within the combustion chamber coloured by the velocity magnitude for (a) We = 100, (b) We = 180 and (c) We = 400. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 13. Effect of co-flow velocity (a) 0 m/s, (b) 100 m/s and (c) 200 m/s on the Weber number of droplets subsequent to primary breakup. 
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3  ous phase with the use of a weighted function also referred to as
a statistical kernel function. Source terms can be distributed over
kernels such as a Gaussian kernel which employs a Gaussian dis-
tribution for the source term within the cell the DPM droplet is
contained and the neighbouring cells. 
Within this study an aggressive adaptive mesh refinement algo-
rithm is employed to account for the different mesh resolutions
required for VOF resolved droplets and DPM modelled droplets.
Fig. 7 shows the mesh density around the VOF interface. As can be
seen the mesh is suitably refined to accurately capture the inter-
face. The refined mesh is immediately coarsened back to the base
mesh once the droplet has been converted from VOF to DPM. The
base mesh is of the order of 100 μm which is twice as large as
the largest DPM droplets and the refined mesh is off the order of
3 μm which is three times smaller than the smallest VOF droplets.
Allowing for a finer mesh to be employed to resolve the interface
between phases. The adaptive mesh refinement also allows for a
significant reduction in the computational cost of the numerical
model as a much coarser base mesh can be employed. A fine mesh
is only employed within the cells where the interface is found. 
Effect of the co-flow on the primary breakup 
Prior studies within the SHVOF thermal spray modelling have
solely employed the DPM framework to model the injection of
suspension within the combustion chamber ( Chadha et al., 2020 ;adidi et al., 2016 ; Gozali et al., 2014 ). The DPM model has typically
een employed due to its low computational cost, robust treatment
f droplets through sub models such as the evaporation and sec-
ndary breakup sub models. However, the DPM model produces
n inadequate representation of the flow near the injection loca-
ion where a liquid column and ligaments are the main structures
resent. The assumptions within the DPM model are that the mul-
iphase structures are in the form of droplets and that the region
f the flow is predominately occupied by the primary phase. Both
f these assumptions near the liquid injector are not valid. The VOF
odel is a more suitable model to capture the flow near the liq-
id injector as it can capture all multiphase structures that form
nd is suitable for the dense regions. However, resolving the en-
ire range of multiphase structures using a pure VOF model would
e too computationally expensive for SHVOF thermal spray appli-
ations. Droplets and particles within SHVOF thermal spray can oc-
upy a diameter as small as 10 μm ( Chadha et al., 2020 ). Resolving
roplets and particles of this size would require a mesh around the
rder of one fifth of the diameter of the finest droplets. Employing
 DPM framework to model droplets within the combustion cham-
er allows for a coarser mesh to be employed and a reduction in
he computational cost in comparison to a pure VOF model. The
urrent approach uses a 4.5 million base mesh and through mesh
daptation reaches a mesh count of circa 8 million cells. Running a
ull VOF simulation would require a mesh resolution down to the
 μm scale currently used but in a much larger volume. To resolve
S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 13 
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Table 2 
Mean and standard deviation of log normal dis- 
tribution for droplet diameter. 
We Meanln ( μm) Standard Deviation 
100 2.8982 0.32 
180 2.9331 0.30 
415 2.9683 0.30 
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e  roplets to this extent would require a mesh of the order of 20 bil-
ion cells which is currently infeasible. This could be alleviated to
ome extent through the use of adaptive mesh refinement, how-
ver, given the number of droplets involved this is unlikely to be
fficient. Figs. 8 shows isosurfaces of the VOF field at the Weber
umbers of 100, 185 and 415; the isosurface is coloured by veloc-
ty magnitude. The coupled VOF and DPM model has allowed for
he primary breakup to be modelled and droplets to be tracked
ith current computing capabilities available. Therefore, the cou-
led VOF and DPM approach employed within this study is able
o accurately capture the flow field and temperature field within
nd near the liquid column region compared to the DPM approach
urrently employed. Alternative models are available within the
iterature to treat the liquid column region such as the Eulerian-
agrangian Spray Atomization (EL SA) method. The EL SA method
olves transport equations for the gas and liquid phases treating
hem as separate species rather than separate phases ( Hoyas et al.,
013 ). The model cannot resolve breakup structures such as liga-
ents nor can the model resolve the interface between phases like
nterface resolving methods such as the VOF method employed for
arge scale structures within this model. The ELSA method has a
ower fidelity than the approach employed within this investiga-
ion however it is considerably less computationally expensive. 
It has been shown that the addition of a co-flow results in a
maller backflow region and hence suggested that this will result
n a reduction in the clogging within the combustion chamber. It
ust be further evaluated if any further effects of the co-flow are
resent on the breakup and droplet dynamics. Fig. 8 shows the in-
tantaneous isosurfaces of the liquid jet injection into the combus-
ion chamber (We = 100) at (a) 0.0 0 065 s and (b) 0.0 0 07 s, (We =
80) at (c) 0.0 0 065 s and (d) 0.0 0 07 s, (We = 415) at (e) 0.0 0 065 s
nd (f) 0.0 0 07 s. It can be seen from Fig. 8 that the addition of
 co-axial gas flow to the liquid injection delays the formation of
arge ligaments from the surface of the liquid jet. This can be seen
n Fig. 8 by comparing the isosurface plots for a Weber number of
00 and a Weber number of 180 close to the injector inlet. As can
e seen the liquid jet core is destroyed in a shorter distance for the
ower Weber number. This is the opposite trend to that normally
bserved for liquid jets; however, it should be noted that the gas
ithin the combustion chamber is hot and highly turbulent. It is
hought that its interaction with the liquid jet excites the initial
nterface perturbation followed by large scale interface distortion.
he recirculation zones set up within the combustion chamber also
ean that the surrounding gas flows in an opposite direction to
he liquid jet. The addition of the gas co-flow rights this direction
nd is of sufficiently lower turbulence intensity and temperature.
ence, there is a delayed break-down of the jet core. Comparisons
f the jet length at different Weber numbers can be used to bench-
ark the numerical accuracy. These have not been included as ex-
erimental measurements are taken at conditions quite different to
hose found within an SHVOF thermal spray combustion chamber.
t is not possible to provide a meaningful comparison of the intact
ore jet length from the numerical predictions with measurements
rom the literature due to the interaction of the jet and the hot
nd highly turbulent combustion chamber gases. 
The addition of the co-axial gas flow results in an increase in
he jet length and a higher velocity of the liquid jet. The liquid jet
n Fig. 8 (a) and (b) shows a velocity not exceeding 20 m/s, while
igs. 8 (c), (d), (e) and (f) show the liquid jet velocity well exceed-
ng 30 m/s. The higher jet velocity allows for the liquid jet, liga-
ents and the droplets formed to overcome the smaller region of
ack flow within the combustion chamber more readily. The mech-
nism behind the primary breakup of liquid jets in co-axial gas
ow has been well documented within the primary breakup liter-
ture. Surface perturbations are formed on the interface between
he liquid and gas by primary shear instability. Surface perturba-ions are stretched into ligaments due to the relative velocity dif-
erence between the two fluids. As the ligaments are accelerated,
upport from the bulk liquid is diminished and the ligaments elon-
ate. The surface of the ligaments are continually subject to strong
ccelerating forces from the gas jet leading toacknnnnnn Rayleigh-
aylor instabilities. As the Rayleigh-Taylor waves amplify the liga-
ents, they break off the main jet forming a droplet. 
Fig. 9 (a), (b) and (c) show droplet diameter distributions for
roplets that form from the primary breakup of the liquid jet
t the Weber numbers of 100, 185 and 415 respectively. It can
e seen that the droplet diameter distributions at the three We-
er numbers follow a log normal distribution. It is reported by
 Kazuya et al., 2004 ) that log-normal distributions are typically
een within primary breakup. There is a peak frequency at a di-
meter and as the droplet diameter decreases from the peak value
he frequency of the droplets decreases. A cut-off diameter is seen
t a diameter smaller than the peak value as surface tension forces
revent the formation of smaller droplets. Table 2 shows the mean
nd standard deviation of the log-normal distributions from the
istograms in Fig. 9 . It can be seen from table 2 that at the We-
er numbers considered that there is little variation in the mean
nd standard deviation of the droplet diameters. 
Experimental observations and measurements within the com-
ustion chamber are very limited due to lack of optical access
ithin the combustion chamber. Therefore, experimental measure-
ents taken at similar Weber numbers, liquid injector diameter
nd co-flow velocity can allow for an understanding if the numer-
cal values are in a range similar to that expected. Fig. 10 com-
ares the Sauter mean diameter (SMD) for the droplets from pri-
ary breakup compared with the experimental measurements of
 Varga et al., 2003 ). It can be seen from Fig. 10 that the droplet
iameters predicted within this study match up very well to
hose measured by Varga et al. through phase-doppler anemom-
try (PDA) at Weber numbers of 180 and 415; however, there is a
mall underprediction in the droplet SMD at the Weber number of
00. The measurements taken by Varga et al. considered co-axial
njection of liquid and gas flow where both phases travel in the
ame direction. For the case of where the liquid jet Weber corre-
ponds to 100 there is no co-flow with the liquid injection. The
as flow is in the direction opposing the liquid injection. Hence,
his may have some effect on the mean diameter which leads to
he small under-prediction witnessed. 
Droplets with a higher velocity will be able to more readily
vercome the backflow region in the combustion chamber due to
heir greater momentum. Fig. 11 shows the relationship between
he droplet diameter and the droplet velocity from droplets formed
rom the primary breakup of the liquid column at Weber numbers
f 100, 180 and 415. It can be seen that as the Weber number in-
reases the droplet velocity increases. With a higher co-flow ve-
ocity greater momentum is transferred to the liquid from the gas
llowing for the droplets to obtain a higher velocity. It can also be
een in Fig. 11 that as the droplet diameter increases the veloc-
ty of the droplets decrease. The decay takes an exponential form
or all the Weber numbers considered. The distributions shown in
ig. 11 can be represented by Eq. (19) , where a, b and c are coeffi-
ients that are fitted to the data for the three Weber numbers. The
quation is based on an exponential curve using MATLAB’s curve
14 S. Chadha, R. Jefferson-Loveday and T. Hussain / International Journal of Multiphase Flow 133 (2020) 103445 
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 fitting toolbox. The three curves at the different Weber numbers
take a similar exponential form. As can be seen, the decay constant
‘b’ is similar for all three cases taking a value of around 2.0. This
would indicate that it is independent of the Weber number. The
vertical shift in curves appears a function of Weber number and
is controlled by parameter ‘c’. Therefore, the addition of a co-flow
gas injection provides a benefit of a smaller backflow region and
a higher velocity for droplets. Both of which will reduce clogging
within the combustion chamber. 
u p = a ∗ d p −b + c (19)
Fig. 12 shows the liquid column and the droplets within the
combustion chamber at Weber numbers of 100, 180 and 415. It
can be seen from Fig. 12 that the higher droplet velocity results
in a reduction in the number of droplets that are trapped within
the recirculation zones around the liquid column. This will in turn
will aide in the prevention of clogging of suspension within the
combustion chamber as fewer droplets are trapped within recircu-
lation zones within the combustion chamber and therefore, solids
within the suspension are less likely to deposit onto the combus-
tion chamber walls. 
The droplet Weber number can determine the mode of sec-
ondary breakup of the droplets and hence the droplet We-
ber number subsequent to primary breakup has been evaluated.
Fig. 13 shows the effect of co-flow velocity on the Weber number
of droplets produced from primary breakup. The droplet diameter
distribution in Fig. 9 is used to determine the Weber numbers. It
can be seen from Fig. 13 (a), (b) and (c) that as the co-flow velocity
increases the spread of droplet Weber numbers increases. In addi-
tion to this the distribution of Weber numbers shifts slightly to-
wards the right where droplets occupy a higher Weber number at
a higher co-flow velocity. The mode of secondary breakup will be
different as the co-flow velocities increases. With no co-flow the
droplets have a very low Weber number and hence the mode of
secondary breakup will be dominated by vibrational breakup and
bag breakup. While for a 200 m/s co-flow velocity the secondary
breakup will be dominated by bag and stamen breakup. Finally, at
a co-flow velocity of 300 m/s the mode of secondary breakup will
be dominated by bag and stamen breakup and stripping breakup. 
The coupled VOF and DPM has been employed to model the
primary breakup of liquid within the combustion chamber within
SHVOF thermal spray. This hybrid approach provides many advan-
tages over the traditional standalone multiphase models. The hy-
brid VOF and DPM approach allows for significant reduction in
the computational cost over a standalone VOF model. Additionally,
this approach provides considerably higher fidelity than the DPM
model. Within this study the effect of introducing a co-annular in-
jection on the primary breakup and the flow field has been in-
vestigated. The SMD from primary breakup is compared to experi-
mental measurements at the same Weber numbers. The numerical
model is shown to be in good agreement with the experimental
measurements available within the literature. 
Conclusion 
In summary, this investigation is the first study to employ a
coupled VOF and DPM approach to model the primary breakup
with combustion for a real world engineering application. This
study has investigated the effect of using a gas co-flow injection
to inject the liquid into the combustion chamber and has shown: 
• The addition of a gas co-flow results in a smaller region of
backflow. Small suspension droplets with insufficient momen-
tum are unable to overcome the backflow and deposit them-
selves onto the wall of the combustion chamber. The deposition
of the particles on the walls is likely to be a cause of clogging
of nozzles often seen in SHVOF thermal spray. • The addition of a gas co-flow results in a significantly higher
velocity for the droplets formed during primary breakup. The
greater droplet velocity allows for small droplets to overcome
the small backflow region near the liquid injection. 
• The droplet diameter distributions from the primary breakup
have been obtained which follow a log normal distribution. 
• The Sauter mean diameter (SMD) is compared to experimen-
tal measurements available within the literature for the same
Weber numbers and it is seen that the SMD predicted from
the numerical model match closely to experimental data within
the literature that is obtained using phase-doppler anemometry
(PDA). 
• A correlation for the relationship between the droplet diameter
and the velocity during the primary breakup of the liquid jet
has been established. 
• The work presented in this paper uses high-fidelity scale resolv-
ing LES and employs the VOF model for primary breakup cou-
pled with DPM for the smallest scales. This is combined with
a combustion model for the first time. It provides a significant
enhancement over standalone DPM that has been traditionally
used for this application. 
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